Silicon carbide quantum dots in the size range of 1-10 nm are in the center of interest with unique properties that makes them very promising biomarkers. A central requirement for this application is the control over the complex structure of the surface to enable further surface functionalization processes, which are crucial for drug delivery.
Introduction
Silicon carbide quantum dots (SiC QDs) are known to be very promising structures for bioimaging, as well as optoelectronic applications, because of the superior properties of the bulk material. [1] [2] [3] [4] [5] [6] [7] Silicon carbide is a wide band gap semiconductor with excellent hardness and chemical resistivity 5 and is also known as a bioinert material. [8] [9] [10] Depending on the starting bulk powder, the surface of SiC QDs is often rich in various functional groups which can result in diverse behaviors in biological environments ranging from bioinertness to changes in cell function and cytotoxicity. 3, 11 While the successful application of the SiC QDs in bioimaging techniques is related to their bioinert and photostable properties, 2, 6 further applications in medicine and drug delivery rely on the ability of engineering the desired surface properties by attaching different functional molecular groups. To obtain tailor-made functionalized surfaces it is necessary to understand the complex structure of the QD surface. There are several experimental and theoretical studies in the literature about the surface chemistry of SiC QDs where the presence of Si-O-Si, C-O-C, C=O, and -OH groups was observed. 1, 2, [12] [13] [14] [15] [16] [17] [18] Photoluminescent properties of the SiC QDs, as those of other QDs, are greatly influenced by their surface chemical structure as some surface radicals can form new energy levels in the band gap and can act as new radiative centers. 17, 18 Even though some studies explain optical properties of SiC QDs by the existence and dissociation of hydroxyl groups, clear evidence of Si-OH or C-OH terminations is still absent because of the complex vibrational region above 3000 cm −1 , where vibrations of adsorbed water overlap with the surface related -OH vibrational bands. Experiments concerning the solvent polarity dependence of the photoluminescence (PL) of SiC QDs yielded conflicting results in the literature. While Zakharko et al. 19 measured a red-shift with decreasing solvent polarity 2 in the PL emission, Chu et al. 20 found the opposite trend, a redshift with increasing solvent polarity. The importance of understanding and controlling the surface structure is also significant from the point of view of pH sensitivity. 11 In our previously published results 1 we observed similar dependence as Chu et al. 20 and assign these different behaviors to differences related to the synthesis procedures which can yield different surface structures. One possible explanation for the different physical and chemical properties of similar SiC QDs solutions is related to the diversity in surface terminations which can be related to the variations of the carboxyl concentration or the amount of Si on the surface. On the other hand, surface modification was reported only through the reaction of carboxyl groups which usually do not constitute the dominant part of the surface.
Here we report a study on SiC QDs based on SiC powder from two different sources (one synthesized in our laboratory and one commercial). We found that the surface structure is highly sensitive to the starting SiC powder properties like grain size and porosity (based on previously published results the source SiC grain size is in the range of 10-20 µm and possesses properties which are close to the bulk SiC properties 1 ). There are important differences in the infrared spectra of the studied samples: we observed a more dominant carboxylic C=O vibrational band in the sample prepared from SiC powder synthesized in our laboratory (sample 1) than in the sample prepared from commercial SiC powder (sample 2). We performed a temperature dependent investigation from room temperature up to 450 K to follow the effect of dehydration and to get extra information on the surface and the carboxyl group transformations. We followed these processes by infrared (IR) and photoluminescence (PL) spectroscopy and found clear evidence of acid anhydride formation from carboxyl groups above 370 K. Our ab initio modeling on these processes supports the correlation between IR and PL properties as a function of surface termination. At higher temperatures the effect of dehydration was observed by a strong shift of the -OH vibration band (above 3000 cm −1 ) from a hydrogen bonded state to a free state. The free -OH vibrational band above 3600 cm −1 explicitly proves the presence of hydroxyl termination sites on the surface. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 We prepared SiC QDs using top-down method 1 from SiC powder synthesized in our laboratory reacting silicon powder (Acros Organics, mesh 325) and carbon black (Norit A supra, surface area (BET) -1700 m 2 /g). The reaction was conducted in an induction chamber in the presence of (poly)tetrafluoroethylene powder (Acros Organics, mesh 200) acting as activator. 21 In this reaction SiC keeps the structure of the carbon black 22 which explains its highly porous structure (sample 1). In another reaction, we synthesized SiC QDs from commercial SiC powder (US-Research Nanomaterials Inc.) with grain size in the range 1-40 µm (sample 2).
Colloidal SiC QD samples for the infrared measurements were prepared by drop-drying on the surface of a ZnSe crystal (crystal size 100x10x10 mm) and measured in attenuated total internal reflection (ATR) mode. The crystal geometry enabled multiple internal reflections to ensure high sensitivity for the detection of the weak surface termination groups at very small sample quantity. Temperature dependence was measured in transmission mode on SiC QDs dried on 10x10 mm clean Si wafer. Spectra were taken by various spectrometers: a Bruker IFS 66v and a Bruker Tensor 37 with 4 cm −1 resolution and DTGS detector. Spectra were recorded in the 400-4000 cm −1 range, except in the ATR mode where due to the multiple internal reflections the multi-phonon modes of ZnSe crystal absorb IR light below 700 cm −1 .
The baseline was corrected by an adjusted polynomial function.
Fluorescence spectra were recorded with a HORIBA Jobin Yvon Fluorolog-3 spectrofluorometer (Nanolog). The samples were measured in colloidal aqueous solution (concentration approx. 0.5 mg/ml). The integration time was set to 0.1 s and the excitation wavelength was 320 nm. 
Theoretical methods
We performed our calculations on a small-sized, spherical SiC QD containing 79 Si and 68 C atoms with diameter of 1.4 nm. This is a relatively small SiC QD that appears in our fabricated samples, 2 nevertheless, we only aim to provide trends and semiquantitative results. The dangling bonds on the surface were terminated by hydrogen atoms. While this model is not realistic since the Si-H bonds are not stable, it allowed us to concentrate solely on the effect of the carboxyl and anhydride groups on the QD surface. Although the Si atoms are likely to become oxidized, these defects do not influence the optical properties. 17, 23 However, we found that the defect level of COO − can hybridize with the neighboring Si-H bonds, which may lead to unrealistic results. To avoid this undesirable scenario, we replaced the hydrogen atoms with Si-OH and Si-O-Si structures in the vicinity of surface defects ( Fig.   1 ).
The geometry optimizations were carried out within plane wave supercell formalism by using the PBE 24 exchange-correlation functional within density functional theory (DFT).
We used a 420 eV and 1260 eV cutoff for the wavefunction and charge density expansions, respectively. We applied standard PAW-potentials 25 for the ions as implemented in the VASP code. 26 The distance between any surface atoms of the periodic images was larger than 1 nm, thus the interaction between the QDs was negligible. The geometry of the QDs was optimized until all force acting on the atoms fell below 0.02 eV/Å. This criterion is sufficient for the accurate description of the electronic properties of QDs. The geometries of QDs selected for vibration calculations were further optimized until the force on each atom was smaller than 0.001 eV/Å, in order to obtain accurate vibration frequencies. The vibrational spectra were calculated utilizing the density functional perturbation theory (DFPT) 27 as it is implemented in the VASP code. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 proven to be sufficient 29 for the accurate description of ground state properties and low energy excitations. We applied the PBE0 hybrid functional 30, 31 in the TDDFT kernel, which provides reliable results for both SiC QDs 23 and organic molecules. 32 TDDFT calculations revealed that the excited state can be simply described by promoting a single electron from the HOMO to the LUMO.
For the calculation of the emission energies, we applied the Franck-Condon approximation. 33 The potential energy surface of the ground and excited electronic states may differ, so the nuclear coordinates of the ground (R GS i ) and excited (R ES i ) states belonging to the minimum energy of their potential energy surfaces are also different. The geometry corresponding to the minimum energy of the potential energy surface in the excited state electronic configuration was determined by the ∆SCF method, which is an efficient and rather reliable tool for such calculations 34 when the excitation can be simply described by promoting a single electron from an occupied state to an empty state. The vertical emission energies were calculated by the application of the TDDFT method in R ES i nuclei coordinates while the zero-phonon line (ZPL) energy ( ZPL ) was derived as the sum of the vertical emission energy ( vert ) and the total energy (E total ) difference between the electronic ground states calculated by PBE0 functional in the ground and excited state geometries:
Results and discussion
Temperature dependence 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 into account the relative intensity ratio between the oxide band and the carbonyl band we estimate a higher carboxyl concentration for sample 1 in comparison with sample 2. Above 3000 cm −1 the spectra are dominated by a broad -OH band assigned to the hydrogen bonded -OH and the hydrate shell around the QDs. Figure 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 behavior suggests that carboxyl sites should be in close proximity both in the high and low concentration situation. We consider two possibilities for the process of carboxyl to anhydride transformation:
(i) anhydride formation between two different SiC QDs leading to an inter-dot anhydride.
This situation would be possible if the inter-dot carboxyl-carboxyl coupling through hydrogen bonds would be dominant during the drying process. The bound water evaporation and anhydride formation should occur simultaneously. According to figure 3 we conclude that this situation may not be probable as we observe the saturation of the anhydride formation process well before the bound water evaporation.
(ii) on-dot anhydride formation by water elimination between two neighboring carboxyl groups. If the synthesis process can favor carboxyl group formation (e.g., during the porous carbide formation where local charges play an important role, or during sonication when the weakly interconnected nanocrystallites are broken 36 ) then the neighboring carboxyl sites can form anhydride groups. On-dot anhydride formation requires the presence of carboxyl groups in close proximity to each other and would require that at least one of the two carboxyl sites is not hydrogen bonded. 37 The presumably short lifetime of a hydrogen bonded COOH above 370 K would ensure that unbounded carboxylic groups are available. 38 The nature of the interaction between on-dot surface sites merits a detailed investigation.
The OH and COOH groups on the SiC QDs surfaces interact with the water molecules of the solvent by hydrogen bonding. 39 The existence of hydrogen bonding between neighboring COOH is excluded due to steric effects and proved by the absence of anhydride formation at room temperature in vacuum (as the situation in figure 2) . At 450 K a distinct band emerges above 3600 cm −1 which is characteristic of the free -OH group. As the anhydride formation is complete at this temperature, the presence of COOH-related OH groups is less probable. We assign this band to Si-OH and C-OH hydroxyl groups which are present also at room temperature at the surface together with COOH groups. As shown in figure 3 (a) and (b), after anhydride formation the -OH groups are still mostly in hydrogen bonded structure 9 Page 9 of 22
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 with water molecules (broad band above 3000 cm −1 ). This means that the hydrogen bonds between the water molecules and hydroxyl termination sites are stronger than the hydrogen bonds with carboxyl groups, even though in organic molecules carboxylic acids form much stronger hydrogen bonds than alcohols. Similar results were obtained on nanodiamond (ND) surfaces -water interaction where it was measured that the hydrogen bonds between carboxyl terminated NDs (C-COOH) and water molecules are weaker than the hydrogen bonds between hydroxyl terminated NDs and water molecules. 39 Figure 4 : Photoluminescence spectra of (a) sample 1 and (b) sample 2 recorded in water at the maximum emission line with 320 nm excitation wavelength. (c) presents the temperature dependent photoluminescence spectra of sample 1 recorded in solid form of SiC QDs on silicon wafer recorded after water evaporation at 330 K. The main emission band is located around 500 nm, at 370 K a clear transition is observed to lower wavelengths, indicating important changes on the surface of SiC QDs, and at 450 K the emission maximum is close to 400 nm. In this temperature region bound water has evaporated and anhydride functional groups are formed.
We studied the effect of anhydride formation also on the PL properties of SiC QDs. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 
Ab initio modeling
The correlation between the vibrational and optical excitation properties as a function of surface termination was studied by ab initio modeling. First, we investigate the vibrational properties of the C=O containing groups. The vibrational properties of individual carboxyl 17 and carboxylate 18 groups were already reported that are in good agreement with the experimental findings. We rather focus now on the vibrational properties of the anhydride groups. An anhydride-SiC QD surface bond can form in three different ways (see Fig. 5 ):
by second-neighbor C-C (a) or Si-Si (b) atoms forming a six-member ring, or it can bond to first-neighbor Si-C (c) atoms forming a five-member ring. In the first two cases, the C or Si atoms are at (111) facets of the SiC crystal with about 3.0Å distance from each other that is almost ideal for the C-O-C bridge of the anhydride group. In the latter, the first neighbor 12 Page 12 of 22
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Si-C distance is about 1.9Å that may occur at the edge of (111) and (001) facets of SiC QDs. The calculated two characteristic vibrational frequencies for configurations a), b) and c) are (1715, 1770), (1702, 1770) and (1737, 1835) cm −1 , respectively. While the absolute Figure 5 : The skeletal formulas and calculated vibrational energies for the three possible anhydride group configurations on the surface of a SiC QD. Black, red and green colors represent anhydride configurations a), b) and c), respectively. We applied an artificial Lorentz broadening of 10 cm −1 for the sake of visibility. The blue vertical arrows mark the positions of the experimentally measured absorption peaks in Fig. 3 (a) . The differences between the characteristic vibrational frequencies of the anhydride group are labeled over the horizontal arrows in all the three cases.
values of the calculated frequencies are within 5% smaller than the experimental ones, it is expected that the chosen methodology is able to well reproduce the relative positions of the two characteristic vibrational modes. This indicates that the five-member ring (c) can be definitely excluded as the origin of the observed IR peaks, as the calculated relative position of ∼100 cm −1 is significantly larger than the observed 66 cm −1 . This is quite plausible as the number of possible sites for these five-member rings is much smaller than that for the sixmember rings, and the geometry of six-member rings is much less strained. The calculated relative position of the Si-Si (b) configuration's vibrational modes is within 0.5% compared to experiment, while it is within 20% for the C-C configuration (a). According to our analysis [see inset in Fig. 3 (a) ] the two characteristic vibrational modes belong to a single anhydride configuration which implies together with the ab initio results that the anhydride forms on 13 Page 13 of 22
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We calculated the electronic structure and optical excitation energies of this anhydride and the pair of nearby carboxyl groups that can form the anhydride after dehydration at elevated temperatures on the Si-side of SiC QD surface (see Fig. 6 ). We assumed that one of the carboxyl groups is deprotonated in aqueous environment that can seriously change the optical properties of the entire SiC QDs. 18 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 experiments [c.f., Fig. 4(c) ] where the change in the maximum intensities of the PL peaks is about 100 nm. Thus, the anhydride formation from nearby carboxyl groups at the Si side of the SiC QD surface can be well supported by ab initio modeling. As we did not fully exclude the formation of carboxyl groups on the C-side of the SiC QD surface, we also studied the 
Conclusions
The chemical transformation of carboxyl to acid anhydride groups on the surface of SiC QDs has been studied by multiple methods: synthesis of SiC QDs from two different sources, spectroscopic characterization of the surface structure and luminescent properties, and theoretical calculations. The formation of acid anhydride from carboxyl groups was identified at temperatures around 370-400 K. We consider this anhydride formation an important result as its reactivity is higher compared to carboxyl groups. The discovery of anhydride formation on the SiC QDs surface allows us to do more simple chemistry for subsequent functionalization and opens new possibilities for further surface engineering steps. We found clear evidence for the presence of hydroxyl termination sites, in accordance with theoretically predicted results. Finally, we assign the redshifts in the PL emission spectra to carboxyl termination and to adsorbed water on the surface of SiC QDs.
16
Page 16 of 22
ACS Paragon Plus Environment
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 17 of 22
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 18 of 22
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 19 of 22
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 20 of 22
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 21 of 22
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
